Mapping DNase I hypersensitive sites is an accurate method of identifying the location of gene regulatory elements, including promoters, enhancers, silencers and locus control regions. Although Southern blots are the traditional method of identifying DNase I hypersensitive sites, the conventional manual method is not readily scalable to studying large chromosomal regions, much less the entire genome. Here we describe DNase-chip, an approach that can rapidly identify DNase I hypersensitive sites for any region of interest, or potentially for the entire genome, by using tiled microarrays. We used DNase-chip to identify DNase I hypersensitive sites accurately from a representative 1% of the human genome in both primary and immortalized cell types. We found that although most DNase I hypersensitive sites were present in both cell types studied, some of them were cell-type specific. This method can be applied globally or in a targeted fashion to any tissue from any species with a sequenced genome.
To understand how the genome is regulated in different cell types, several genome-wide strategies to identify functional elements are being developed and applied, including comparative genomics, identification of origins of replication, chromatin immunoprecipitation using microarray detection (ChIP-chip), DNA methylation, histone mapping and the use of various computational methods 1 . One classic method that has been somewhat slower to make its way into the genomics arena is the mapping of DNase I hypersensitive sites. For the last 25 years, the mapping of DNase I hypersensitive sites by Southern blotting has been a highly accurate method for identifying the location of promoters, silencers, enhancers and locus control regions [2] [3] [4] . Since the technique is experimentally demanding and requires many manual steps, however, this method has generally been limited to examining only one small region of the genome at a time.
Recently, we and others have developed sequencing and real-time PCR strategies to scale up the search for DNase I hypersensitive sites [5] [6] [7] [8] . One method we have described uses massively parallel signature sequencing (MPSS) to sequence a library of DNase I hypersensitive sites 8 . With a total of 270,000 sequence tags, this method identified about 20% of all DNase I hypersensitive sites in human CD4 + T cells 8 . Thus, major advances in sequencing technologies will be needed to identify all DNase I hypersensitive sites within an individual cell type at an affordable cost. Furthermore, for researchers interested in studying targeted regions of the genome, whole-genome sequencing of DNase I hypersensitive sites represents an excess of effort and cost. An affordable, targeted approach to identifying DNase I hypersensitive sites is needed.
Here we describe DNase-chip, a high-resolution method, which can be used to identify DNase I hypersensitive sites by hybridizing captured DNase I-digested ends to tiled microarrays. This method is easy to perform, is readily adaptable to any region of a sequenced genome, is less costly than whole-genome DNase-I library sequencing and uses many of the same techniques used in standard ChIPchip assays 9 . We used DNase-chip to accurately identify DNase I hypersensitive sites within the 1% of the human genome selected by the ENCODE (Encyclopedia Of DNA Elements) consortium 1 . Using DNase-chip, we successfully identified DNase I hypersensitive sites within the ENCODE regions from both primary CD4 + T cells and a cycling B lymphoblastoid cell line, indicating that this method is applicable to any primary or immortalized cell type.
RESULTS

DNase-chip protocol and data analysis
The DNase-chip protocol builds on traditional Southern blot strategies to identify regulatory sites in intact chromatin. DNase I is an enzyme, which at low levels preferentially digests nucleosomedepleted DNA, whereas tightly packaged chromatin is more resistant to cleavage. To perform DNase-chip, we digested nuclei from CD4 + T cells and GM06990 lymphoblastoid cells with three different concentrations of DNase I (Fig. 1a) . We performed all DNase I digestions on three biological replicates. Careful manipulation, including embedding the DNA in low-melt gel agarose plugs was used to reduce the frequency of randomly sheared DNA ends, which could introduce background noise. As with traditional Southern blots, valid DNase I hypersensitive sites should be detected with more than one concentration of DNase I. concentrations of DNase I, we expected to detect valid DNase I hypersensitive sites along a spectrum of DNase I concentrations. Furthermore, as not all DNase I hypersensitive sites are equally hypersensitive to DNase I digestion, assaying with multiple DNase I concentrations will distinguish those that are extremely hypersensitive to DNase I digestion from those that are moderately hypersensitive.
We blunt-ended DNase I-digested fragments (as well as randomly sheared ends from control DNA), ligated the resulting fragments to a biotinylated linker, sonicated the reactions, incubated them on a streptavidin column to enrich for the DNase I-digested ends, and ligated the fragments to a second nonbiotinylated linker (Fig. 1b) . We PCR-amplified the DNase I-digested and randomly sheared captured material, labeled it with Cy3 and Cy5 dyes, and cohybridized it to tiled microarrays that span the ENCODE regions.
To rule out sequence-based bias of DNase I digestion, we digested naked DNA with multiple concentrations of DNase I. We labeled digested and undigested naked DNA (using no amplification) with Cy3 and Cy5 dyes. DNA from reactions with four different DNase I concentrations was cohybridized with undigested DNA to four tiled microarrays that span the ENCODE regions. We did not detect any sequence-based bias of DNase I digestion ( Supplementary  Fig. 1 online) .
We developed a program called 'algorithm for capturing microarray enrichment' (ACME) to identify regions of the genome enriched for DNase I-captured material 10 . This program works by identifying oligonucleotides that displayed the top 5% of DNase I cleavage signal to random shear control signal ratios that were averaged from three biological replicates (Fig. 1c) . Next we performed a w 2 test on sliding 500 base pair (bp) windows to identify regions that had a significant (P o 0.001) overrepresentation of DNase I-captured material (Fig. 1d) . We have performed extensive testing using different window sizes and found that windows larger than 500 bp resulted in decreased resolution, whereas smaller . DCt values represent the number of additional cycles to achieve threshold levels of amplification between DNase I-treated and non-digested nuclear DNA.
Higher DCt values represent elevated levels of DNase I-digestion. Control primer sets were designed around random regions of the genome, as well as known DNase I hypersensitive sites generated from a separate study 8 
(MPSS cluster).
Real-time PCR using primer sets flanking DNase-chip peaks that are present with all three DNase I concentrations (a,b). Real-time PCR using primers sets flanking DNase-chip peaks that are present with two out of three DNase I concentrations (c,d). Real-time PCR using primer sets flanking DNase-chip peaks that are present with only a single DNase I concentration (e,f).
window sizes did not contain enough probes to generate statistical significance 11 . Owing to the multiple-testing problem and because data points are not independent, caution must be used when interpreting the resulting P values. Therefore, the following three sections are dedicated to extensive experimental validation.
Validation of DNase-chip: positive predictive value
The positive predictive value is defined as TP / (TP + FP), where TP is true positives and FP is false positives. To determine the positive predictive value of DNase-chip, we tested primer sets that flank significant (P o 0.001) DNase-chip signals or ''peaks'' by a realtime PCR assay to confirm whether the region detected was a true DNase I hypersensitive site 5, 12 . True positives are defined here as DNase-chip peaks for which the corresponding real-time PCR assay falls above a stringent threshold for background noise. We set this threshold at a point at which B95% of real-time PCR results using random primer sets fell below it. False positives represent DNasechip peaks that are below the same threshold. As traditional Southern blot strategies identify DNase I hypersensitive sites at multiple concentrations of DNase I, we predicted that valid DNase-chip peaks would be detected at multiple concentrations, whereas false positives would mostly be detected at a single concentration of the enzyme. We separated DNase-chip peaks into seven mutually exclusive categories: those peaks that occurred in reactions with all three DNase I concentrations (ABC), with two out of three DNase I concentrations (AB, BC and AC), or only present in a single concentration of DNase I (A only, B only and C only).
Based on real-time PCR validation, the positive predictive value for DNase-chip peaks detected at all three DNase I concentrations was 84% for CD4 + T cells and 68% for the GM06990 cells (Fig. 2a,b and Supplementary Table 1 online). The positive predictive value for DNase-chip peaks present in two out of three concentrations was 40-70% for CD4 + T cells and 5-30% for the GM06990 cells (Fig. 2c,d and Supplementary Table 1 ). For both cell types, DNase-chip peaks detected in the two highest concentrations (BC) were better at identifying valid DNase I hypersensitive sites than the DNase-chip peaks that included the lowest concentration (AB and AC). In CD4 + T cells, we validated 30% of the DNase-chip peaks detected in concentration 'C only' , whereas 'A only' and 'B only' were less accurate ( Fig. 2e and Validation of DNase-chip: sensitivity Sensitivity is defined as TP / (TP + FN), where TP is true positives and FN is false negatives. As another means of assessing performance of DNase-chip, we compared these data with well validated DNase I hypersensitive sites, which we previously identified using MPSS in CD4 + T cells 8 . True DNase I hypersensitive sites were identified by repeated observation of MPSS sequences clustered within a 500-bp region. By visual inspection, there appears to be a high correlation of DNase-chip and MPSS cluster data (Fig. 3) . To As the positive predictive value indicated that DNase-chip peaks detected using at least two DNase I concentrations, as well as the highest DNase I concentration (ABC, AB, AC, BC, and C only) were likely to be enriched for true DNase I hypersensitive sites, we first determined sensitivity of DNase-chip for these combined categories. Using DNase-chip, we detected approximately 78% and 75% of the gold-standard DNase I sites from these combined categories for CD4 + T cells and GM06990 cells, respectively ( Table 1 ). An alternative approach to choosing DNase-chip categories is to average DNase-chip data from experiments with all three DNase I concentrations and all three biological replicates. Tested against the gold-standard set of DNase I hypersensitive sites, the averaged DNase-chip data from CD4 + T cells and GM06990 cells detected 86% and 89% of these sites, respectively ( Table 1) . DNase-chip detected not only the majority of MPSS clusters, but also additional DNase I hypersensitive sites, which were missed using the present level of sequencing by MPSS (Fig. 3c) .
Validation of DNase-chip: specificity Specificity is defined as TN / (TN + FP), where TN is true negatives and FP is false positives. True negatives are represented by real-time PCR primer sets (designed around randomly selected coordinates from ENCODE regions), which are negative by DNase-chip and whose values are below a stringent threshold value determined by real-time PCR. We tested 177 randomly chosen primer sets from the ENCODE regions on both CD4 + T cells and GM06990 cells. Of these, 134 showed no evidence of marking a DNase I hypersensitive site (DCt o 1.5; DCt values represent the number of additional cycles to achieve threshold levels of amplification between DNase I-treated and nondigested nuclear DNA) in CD4 + T cells, and 146 were negative in GM06990 cells. These became our gold-standard for non-DNase I hypersensitive sites. We defined a false positive from the DNasechip data as a signal that fell within one of these non-DNase I hypersensitive sites. We calculate that specificity for DNase-chip peaks that are present when using at least two DNase I concentrations is 4 99% for both cell types. Specificity for DNase-chip peaks that are present only when using a single DNase I concentration is 97% for CD4 + T cells and 93% for GM06990 cells. Specificity for averaged data from all three DNase I concentrations and all three biological replicates was 97% for both cell types ( Table 2 ).
Identification of cell type specific DNase I hypersensitive sites Although many DNase-chip peaks were present in both CD4 + T cells and GM06990 cells, some were detected in only one of the two cell types. We performed confirmatory real-time PCR analysis with primers designed to flank ubiquitous and cell type-specific DNasechip peaks. In most instances, we confirmed the tissue pattern of DNase-chip (Fig. 4) . As a whole, DNase I hypersensitive sites that appeared to be cell type-specific tended to be less sensitive to DNase I (lower DCt values), which is in agreement with our previous report 8 . A small number of the DNase-chip peaks that appeared to be cell type-specific by DNase-chip were present in both cell types, as determined by real-time PCR, indicating that this method has a low but non-zero false negative rate.
Correlation of DNase-chip to the annotated genome Thirty of the ENCODE regions consist of randomly selected 500-kb segments stratified by different levels of gene density (low, average, and high) and sequence conservation (low, average, and high) 1 concentrations from CD4 + T cells and the GM06990 cell line were most highly enriched in ENCODE regions that were gene rich and highly conserved (Fig. 5a,b) . The second highest enrichment was in ENCODE regions that were gene rich and moderately conserved. Notably, the lowest number of DNase I hypersensitive sites for both cell types was in gene poor regions that had the highest levels of conservation. Cell type-specific DNase I hypersensitive sites (present in CD4 + T cells but not in GM06990 cells and vice-versa) also were enriched in similar stratified ENCODE regions (data not shown).
We mapped DNase-chip peaks that were present with at least two DNase I concentrations from both cell types to the annotated genome. Compared to 1,000 randomly generated datasets, there was a significant enrichment (P o 0.001) of DNase I hypersensitive sites detected within 2 kb of transcriptional start sites, first exons, first introns, CpG islands and regions that are highly conserved between species. There was less enrichment of DNase I hypersensitive sites within 2 kb of transcriptional end sites. We detected a significant reduction (P o 0.001) of DNase I hypersensitive sites at non-first exons or introns and regions of the genome greater than 2 kb from the nearest gene (Fig. 5c ).
Gene expression analysis
To determine whether DNase I hypersensitive sites correlate with elevated levels of gene expression, we compared the expression level of each gene transcript by the distance of each transcription start site to the nearest DNase I hypersensitive site (Fig. 6a,b) . As expected (from the above analysis), a high percentage of transcription start sites have a DNase I hypersensitive site nearby (o1 kb). Additionally, for both CD4 + T cells and GM06990 lymphoblastoid cells, we observed higher levels of expression more commonly when there is a nearby DNase I hypersensitive site. Genes that do not have a DNase I hypersensitive site nearby (41 kb) are more likely to have lower gene expression. But the presence of a nearby DNase I hypersensitive site is not sufficient for elevated levels of expression. We detected a significant change in average gene expression for genes that had a DNase I hypersensitive site nearby versus those that did not for both CD4 + T cells (P o 1.2 Â 10 -55 ) and GM06990 cells hypersensitive sites (detected with at least two concentrations of DNase I) and computationally generated random controls (n ¼ 1,000) were compared to Gencode transcription start and end sites (within a 2-kb window), CpG islands, first introns, non-first introns, first exons, non-first exons, conserved sequences (MCS), conserved sequences minus coding exons (MCS-no-CDS). The number of DNase I hypersensitive sites at different distances (0 kb, 2 kb, 10 kb, and 25 kb) from Gencode genes was also determined. Error bars represent the entire range of values seen randomly generated mock datasets (n ¼ 1,000). Compared to the random controls, the locations of the DNase-chip peaks are significantly (Monte Carlo P o 0.001) over-or under-represented at all positions except transcription end and 40 kb from gene. 1,000,000 100,000 10,000 1,000 100 10
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Distance from transcription start to nearest DNase I hypersensitive site (bp) Fig. 6c ). For genes that were near a DNase I hypersensitive site unique to one cell type, however, we did not detect a significant change in average gene expression between the two cell types (data not shown).
DISCUSSION
DNase-chip is a robust method to identify DNase I hypersensitive sites by hybridizing DNase I-treated, end-captured material to tiled microarrays. This method has many of the same strengths of traditional Southern blot strategies for identifying regulatory regions. By using three DNase I concentrations, the ability to distinguish DNase I hypersensitive sites that display different levels of sensitivity is enhanced. The protocol for DNase-chip is straightforward, sensitive and specific at identifying valid DNase I hypersensitive sites.
Although we have validated the approach in the ENCODE regions, this method can make use of custom tiled microarrays to readily focus on any portion of the genome from any organism. The method is fully scalable and should be amenable to wholegenome scans, as was recently done with ChIP-chip 13 .
One of our original concerns regarding mapping DNase I hypersensitive sites in replicating cells was that replicating DNA forks would introduce background 5, 14 . This was an early justification for using CD4 + T cells, which are nonreplicating when derived by aphoresis. Even though there were slightly elevated background levels of DNase I digestion in the cycling GM06990 lymphoblastoid cell line, this method appears to be quite effective regardless of the status of cell division. But to reduce the background even further, it may be helpful to synchronize or block cell division.
As with any array-based method, DNase-chip has limitations. First, the resolution size for DNase-chip is limited by the extent of sonication-based shearing (about 200-500 bp). But because DNase I hypersensitive sites are typically around 250 bp in size, we believe this level of resolution is acceptable. Second, tiled microarrays exclude repetitive DNA. Therefore, combining DNase-chip with other methods, such as MPSS with long sequence reads, might be needed to discover DNase I hypersensitive sites within repetitive elements. Third, presently DNase-chip currently requires a large number of cells (B5 Â 10 7 ). Finally, the cost of performing DNase-chip is considerable, if performed on the whole genome, but will become more affordable as arrays become less expensive.
The genomic coordinates of all DNase I hypersensitive sites described in this manuscript are publicly available (http:// research.nhgri.nih.gov/DNaseHS/chip_2006 and http://genome. ucsc.edu/ENCODE/). The locations of these DNase I hypersensitive sites correlate well with other annotated regions of the genome known to mark gene regulatory elements, such as 5¢ ends of genes, CpG islands and highly conserved sequences. Notably, the lowest density of DNase I hypersensitive sites mapped to gene-poor regions of the genome that were highly conserved between human and mouse. Future studies aimed at this latter set of conserved elements will determine what type of functional elements these regions may represent. Genes with a DNase I hypersensitive site nearby were more likely to have elevated gene expression, but the presence of a DNase I hypersensitive site was not sufficient for higher expression levels. The small number of outliers (genes that have elevated expression levels, but do not have a nearby DNase I hypersensitive site) could be due to the false negative rate of DNase-chip, the presence of repetitive elements nearby the transcription start (thereby not included on the arrays), or an incorrectly mapped transcription start site. We were also surprised that we were unable to detect significant changes in gene expression between CD4 + and GM06990 cells for genes that had a nearby DNase-chip signal present in only one of the two cell types. One explanation for this could be the similar gene expression patterns of these two lymphocyte cell types. Future expression studies using more diverse cell types may help clarify how chromatin structure and gene expression are related.
In the future, whole-genome DNase-chip from several cell types can be used to identify ubiquitous versus cell type-specific DNase I hypersensitive sites. It should also be possible to apply this approach genome-wide to different states of the same tissue, including normal versus diseased, resting versus stimulated, undifferentiated versus differentiated, and untreated versus drug-treated, to identify global changes in regulation. But even though methods such as DNase-chip will help identify the functional regions of the genome, determining the type of regulatory function for each DNase I hypersensitive site remains a daunting challenge. Clues can be gleaned from correlating DNase I hypersensitive sites with sequence conservation, transcription factor binding sites and histone modifications (ChIP-chip), motif discovery, promoter or enhancer activity, DNA methylation and more detailed gene expression analysis. Groups such as the ENCODE consortium are beginning to compare and contrast these global data sets in an effort to better understand how the genome is regulated 1 . DNase I hypersensitive site identification can be an important component of such ground breaking efforts to understand the complete function of the genome.
METHODS
Preparation of DNase I-treated nuclei. We obtained primary human CD4 + T cells (495% purity) from aphoresed human blood from three individuals (National Institutes of Health Blood Bank, Institutional Review Board exemption issued by National Institutes of Health Office of Human Subjects) using a negative purification method (Miltenyi Biotech). We grew GM06990 cells in culture in RPMI with 15% fetal bovine serum (Coriell Cell Repositories). We isolated intact nuclei from three biological replicates from at least 5 Â 10 7 cells by methods previously described 5 . We digested DNA from these nuclei with six different concentrations of DNase I (0-12 units) for 10 min at 37 1C (Roche). We stopped digests with 0.1 M EDTA, and imbedded DNA in 1% InCert low-melt gel agarose plugs (BioWhittaker). We incubated DNA plugs overnight at 37 1C in LiDS buffer (1% lithium dodecyl sulfate, 10 mM Tris-HCl (pH 7.5), 100 mM EDTA), washed them four times in 50 mM EDTA, and stored them in 50 mM EDTA at 4 1C. DNase I-digested fragments were made blunt in gel using T4 DNA polymerase (New England Biolabs). Then we purified DNA from the agarose by melting the agarose at 65 1C, phenol-chloroform extracting the DNA, and ethanol precipitating it.
We used pulsed field gel electrophoresis (pulse time, 20-60 s for 18 h) to identify the three concentrations of DNase I to be used for DNase-chip (Bio-Rad). After digestion with concentration 'A' , most DNA was very high molecular weight (41,000 kb), but there was some digestion resulting in smaller fragments (50-1,000 kb). 
